I. INTRODUCTION
Over the last ten years, there has been a lot of attention focused on periodic dielectric structures (photonic crystals) that exhibit electromagnetic stopbands, i.e., photonic bandgaps (PBG's) due to their ability to control the propagation of electromagnetic waves [1] - [7] . The concept of a defect in semiconductors, which gives rise to an isolated energy level within an energy bandgap, can be applicable to photonic crystals. Allowed electromagnetic modes inside PBG's, i.e., defect modes, can be created by locally breaking the periodicity of a photonic crystal so that it is possible to tune the defect modes to any frequency in the gaps by designing the size and shape of the local defect [8] - [12] . The defect modes play important roles in the application of photonic crystals to highefficiency semiconductor lasers, waveguides, optical filters, and high Q cavities. The concepts of PBG's and defect modes in photonic crystals have been rapidly extended to other materials; e.g., metals, heterostructures of dielectric and metal, ferromagnetic materials, liquid crystals, and polymers [13] - [16] . Recently, there has been an increasing interest in microwave and millimeter-wave applications of PBG structures because of their potential use in important areas such as resonators, filters, antennas, frequency-selective surfaces, and amplifiers [17] - [19] .
It is well known that, in nonmagnetic materials, the periodic variation of the refractive index can give rise to PBG's. However, by means of a simple microwave experiment using a microstrip line with a periodic array of square holes, we demonstrated that an essential parameter in the formation of PBG's is the wave impedance [20] . Microwaves are guided through the substrate along the strip line being reflected by two metal walls. The wavelength of guided microwaves through a microstrip line depends on the effective dielectric constant of the substrate. However, the variation of the effective dielectric constant cannot be achieved by any means when the substrate is the air. The experimental arrangement with holes in the metal strip is shown in Fig. 1(a) . For the strip line, we used an 18-m-thick commercial aluminum foil cut with a razor blade. The distance between the metal strip and ground plane was approximately 1 mm. Fig. 1(b) shows the measured and simulated spectra of transmitted wave. They are in excellent agreement in the gap range. This experimental result cannot be explained in terms of the periodic arrangement of the effective dielectric constant alone. A study of the effect of magnetic permeability on PBG's showed that the PBG's tend to disappear in the case where both the dielectric constant and magnetic permeability have maximum values in the same materials and become wider in the opposite case where both and have maximum values in different materials [21] . This result is not understood in terms of the periodic variation in dielectric constant or refractive index either. From these results as well as the fact that, for normal incidence, the reflected intensity at interface of two materials depends on the ratio of wave impedances = of materials only, we reached the conclusion that the wave impedance plays a crucial 0018-9480/99$10.00 © 1999 IEEE role in the formation of PBG's. We also demonstrated that the role of impedance in the creation of acoustic bandgaps (ABG's) is essential by theoretically investigating the roles of mass density and elastic constant in the formation of ABG's [22] .
In this paper, we investigated the roles of wave impedance and refractive index in the formation of PBG's as well as in the creation of defect modes inside PBG's.
II. METHOD AND RESULTS
For simplicity, we considered a one-dimensional photonic crystal that consists of two alternating homogeneous layers of dielectric constant 1 and 2 , magnetic permeability 1 and 2 , and thickness d 1 and d 2 . In a homogeneous layer with dielectric constant and permeability , the refractive index n is p , but the wave impedance Z is =. In order to see how the impedance affects PBG's, we will take a very simple example of normal incidence. Of course, the wave impedance, refractive index, and polarizations may all participate in the formation of PBG's at other angles. For normal incidence, the edge frequencies of reflection bands (PBG's) of an infinite periodic array of layers can be obtained numerically from the following equation: where j = !djnj=c (j = 1; 2) [23] . c is the velocity of light in vacuum. However, in the approximation where 1 2 , although they are not general, the analytical expressions of the upper frequency !u and bottom frequency ! b of the PBG's can be obtained from (1) as follows:
!u = 2ccos 01 (0jj) n1d1 + n2d2 (2) ! b = 2ccos 01 (jj)
where = (Z1=Z2 0 1)=(Z1=Z2 + 1) is the reflection coefficient at the interface of two alternating layers. It should be noted here that there is no PBG when Z 1 = Z 2 , even though there is finite contrast of the refractive index. However, even when n1 = n2, PBG's exist only if there is a contrast of the wave impedance. This clearly shows the fact that the wave impedance causes PBG's. We also notice here that the position of PBG's (!u + ! b )=2 = c=(n1d1 + n2d2) is inversely proportional to the sum of the optical path length of two layers and is independent of the wave impedance. We may, therefore, say that the refractive index is related to the position of PBG's, but not to the creation of PBG's. Defect modes can be created by local breaking of the periodicity of a photonic crystal, which, in turn, changes the wave impedance and optical path length locally. However, the wave impedance does not play an important role in the creation of defect modes because defect modes can only be created when there is a change in the optical path length 1(nd) caused by the local periodicity breaking. The change in the wave impedance created by the local defect can affect only the intensity of defect modes. As 1(nd) increases, the wavelength of defect modes becomes longer, and it gets shorter in the opposite case [8] , [9] , [12] . Therefore, the wave impedance plays an essential role in the formation of PBG's and the refractive index does the same in the creation of defect modes.
An analytical expressions for the edge frequencies of PBG's, even though they are not general, give the dependence of PBG's on the ratio of the wave impedance. Since cos 01 (0) = =2, we can set, in (2) and (3), cos 01 (jj) = (1 0 )=2 and cos 01 (0jj) = (1 + )=2, where 0 1. increases as the ratio of wave impedance Z 1 =Z 2 increases. The frequency range of the lowest PBG is simply represented by c(1 0 )=n e a ! c(1 + )=n e a (4) where n e = (n1d1=a) + (n2d2=a) and a = d1 + d2. The increase in the contrast of wave impedance by increasing the contrast of the dielectric constant enlarges both and n e a. This fully explains the well-known fact that the width of the gap increases and the edge frequencies of the gap decreases as the contrast of dielectric constant increases. The ratio of the gap size to the middle frequency of PBG's 1!=! mid is also given by 1!=! mid = 2:
When Z1=Z2 = 1, = 0. However, is one when Z1=Z2 becomes infinite. Thus, 1!=! mid increases and saturates as Z 1 =Z 2 increases. The ratio 1!=! mid of the dielectric photonic crystals also depends on the contrast of dielectric constant in this way [2] , [7] .
III. CONCLUSION
In conclusion, we showed, using a one-dimensional photonic crystal with magnetic and dielectric properties, that the periodic variation of wave impedance gives rise to PBG's by means of the reflection at interfaces. It is also shown that the change in the optical path length generated by local breaking of the periodicity of crystal creates defect modes inside PBG's.
